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Introduction {#sec001}
============

Pharmaceutical chronotherapy consists in administering drugs at optimal times of the day following circadian rhythms with the primary purpose to increase the therapeutic effectiveness while decreasing systemic side effects of drugs. The so called "early morning pathologies" are among the diseases that may benefit from chronotherapy: in inflammatory arthritis, for example, joint swelling, pain and stiffness are worse in the morning upon waking than during the day and can seriously impair patients quality of life. These morning symptoms are justified by a circadian rhythm of inflammatory mechanisms: compared to healthy subjects, the peak time of pro-inflammatory mediators, mainly interleukin (IL)-6 and tumour necrosis factor (TNF)-α, seems to shift toward the wake-up time, \[[@pone.0160266.ref001]--[@pone.0160266.ref003]\].

The main goal of a steroidal anti-inflammatory drug (SAID) treatment should be to reduce the early morning symptoms. With this aim, a glucocorticoid in a conventional oral delivery should be administered approximately at 2:00 am \[[@pone.0160266.ref004],[@pone.0160266.ref005]\], causing a poor patient compliance or ineffectiveness if the drug is taken upon awakening \[[@pone.0160266.ref006]--[@pone.0160266.ref009]\]. Prednisolone and prednisone are the most widely used steroidal agents for the oral therapy of chronic inflammation diseases because of their short half-life and relatively low side effects, compared to other SAIDs. The drugs are metabolically interconvertible, prednisolone being the pharmacologically active species. Both drugs are rapidly absorbed after oral administration with plasma half-lives of about 3.5h for prednisone and 2.8h for prednisolone. However, prednisolone bioavailability after the administration of an oral prednisone dose is approximately 80% compared to similar prednisolone dosage form. \[[@pone.0160266.ref010],[@pone.0160266.ref011]\]. Moreover, prednisolone administration seems to be preferable also in case of liver disease, because of the poor conversion of prednisone to prednisolone \[[@pone.0160266.ref012]\].

Despite the number of scientific papers on controlled-release forms of prednisolone \[[@pone.0160266.ref013]--[@pone.0160266.ref016]\], there are currently no products available on the market following a chronotherapeutic approach of the early morning pathologies.

In this work based on prednisolone (P) properties, a platform of alginate beads loaded with P in hypromellose/gellan gum capsules (F6/Cps) is proposed to delay SAID release as needed for chronotherapy of rheumatoid arthritis. In a first step, engineered particles were produced by prilling/ionotropic gelation technique using alginate as gastroresistant carrier and Zinc as crosslinking agent. The main critical process variables such as characteristics of biopolymers and composition of the prilling feed solutions, composition and pH of the aqueous bulks for ionotropic gelation of the polymer/drug drops and cross-linking time were examined as well as their effect on particles size, morphology and drug release profiles. The formulation showing suitable gastro-resistant properties and a delayed release of the drug was selected for *in vivo* experiments on male Wistar rats, by a carrageenan-induced oedema model. Finally, hypromellose/gellan gum based capsules (DRcaps^®^) were used as carrier system of these particles to obtain a final dosage form combining the efficacy and the delayed release properties of the beads and the ability of hypromellose/gellan gum to slow down capsule opening after swallowing.

Materials and Methods {#sec002}
=====================

Materials {#sec003}
---------

Sodium alginate (European Pharmacopoeia X, MW ≈ 240 KDa) was purchased from Carlo Erba (Milan, Italy); prednisolone (P) and zinc acetate dihydrate (Zn(CH~3~COO)~2~·2H~2~O) were supplied by Sigma--Aldrich (Milan, Italy). DR^®^ capsules size 3 were kindly donated by Capsugel (Milan Italy). All other chemicals and reagents were obtained from Sigma Aldrich and used as provided.

Methods {#sec004}
-------

### Drug loaded beads manufacture {#sec005}

Different amounts of sodium alginate were dissolved in deionized water at room temperature under gentle stirring in order to obtain three feed solutions with different polymer concentration (2.00%, 2.25% and 2.50% w/w). Afterwards, for each concentration, different amounts of prednisolone were added to the polymeric solution and stirred for 4 h in order to obtain two different drug/polymer ratios (1:10 and 1:5 w/w) and six different formulations, consequently. Beads were produced by a vibrating nozzle device (Nisco Encapsulator Unit, Var D; Nisco Engineering Inc., Zurich, CH), equipped with a syringe pump (Model 200 Series, Kd Scientific Inc., Boston, MA, USA), pumping the drug/polymer solution through a nozzle 600 μm in diameter \[[@pone.0160266.ref017]\]. Volumetric flow rate was fixed at 5 ml/min; vibration frequency was set at 350 Hz, with amplitude of vibration 100%. The distance between the vibrating nozzle and the gelling bath was maintained at 25 cm. The droplets obtained were collected into an aqueous solution of Zn(CH~3~COO)~2~·2H~2~O (10% w/v, pH = 1.5) where they were gelled under gentle stirring for 2 min and then washed with deionized water. In the end, beads were dried at room temperature by exposure to air (22°C; 67% RH) for several hours (12--18 h) until constant weight was reached.

### Drug content and encapsulation efficiency {#sec006}

In order to quantify P content, Zn-alginate matrix were broken up adding to each formulations (about 10 mg of dried beads) to 2 ml of phosphate buffer (100 mM, pH 7.0) and keeping them under vigorous stirring for 24h. Successively, 23 ml of ethanol were added and the suspension was centrifuged at 6000 rpm for 10 min. P content was evaluated by spectrophotometric analysis at a λ of 244 nm (Evolution 201 UV/VIS Spectrometer, Thermo Scientific, Waltham; MA, USA). The actual drug content (ADC) was obtained \[[@pone.0160266.ref018]\], as reported below: $$ADC\left( \% \right) = \frac{drug\ content\ in\ dry\ beads}{weight\ of\ dry\ beads} \times 100$$

Finally, encapsulation efficiency was calculated as the ratio of actual to theoretical drug content, i.e. the weight of drug added (g)/weight of polymers and drug added (g) x 100. Each experiment was performed in triplicate, and results were expressed as mean ± standard deviation.

### Beads morphology and swelling behaviour {#sec007}

With the aim to evaluate size distribution and morphology of produced beads, Scanning Electron Microscopy (SEM), was employed using a Carl Zeiss EVO MA 10 microscope with a secondary electron detector (Carl Zeiss SMT Ltd., Cambridge, UK) equipped with a LEICA EMSCD005 metallizer producing a deposition of a 200--400°A thick gold layer. Analyses were conducted at 17 keV. Projection diameter was appreciated by image analysis (Image J software, Wayne Rasband, National Institute of Health, Bethesda, MD, USA). A minimum of one hundred beads microphotographs were studied for each formulation and relative standard deviation for at least three different prilling processes was evaluated. Sphericity Coefficient (SC) was calculated as reported in [Eq 2](#pone.0160266.e002){ref-type="disp-formula"} \[[@pone.0160266.ref019],[@pone.0160266.ref020]\], using perimeter (p) and projection surface area (A) data obtained by image analysis \[[@pone.0160266.ref021]\]: $$SC = \frac{4\pi A}{p^{2}}$$

Beads inner matrix was studied by SEM images of cryofractured beads. These latter were prepared by breaking with two needles frozen particles obtained by immersion into liquid nitrogen for 60 s.

Swelling behaviour of the beads was evaluated by optical microscopy. A Leica inverted microscope equipped with a CCD camera (Leica, Milan, Italy) was employed. The beads were immersed in gastric simulated fluid for two hours and in intestinal simulated fluid until complete dissolution and observed at established time points. Swelling degree was determined as follow: $$\% swelling = \frac{bead\ size\ at\ time\ t - bead\ size\ at\ time\ zero}{bead\ size\ at\ time\ zero} \bullet 100$$

All measurements were done in triplicate and the variability expressed as S.D.

### Calorimetric analyses {#sec008}

Thermal characteristics of P loaded microparticles were studied by differential scanning calorimetry (DSC) (Mettler Toledo DSC 822e module controlled by Mettler Star E software, Columbus, OH, USA), and compared to both blank beads and prednisolone raw material thermal profiles. About 25--30 mg of sample were placed in a standard aluminium crucible that was pierced and heated from 25°C to 350°C with a heating rate of 20°C/min in nitrogen atmosphere at a flow rate of 150 ml/min. Distinctive peaks were recorded and specific melting temperature was evaluated. Analyses were conducted in triplicate.

### Fourier Transform Infrared Spectroscopy (FT-IR) analyses {#sec009}

FT-IR spectra were detected as KBr powder dispersion (Jasco model FT/IR-410, 420 Herschel series--Jasco Corporation Tokyo, Japan) using the EasiDiffTM Diffuse Reflectance Accessory. The samples were combined with small amount of potassium bromide and pressed to 6 tons in a manual press (OMCN s.p.a., Bergamo, Italy). The thin compacts produced were analysed using 256 scans and with a 1 cm^−1^ resolution step. Each experiment was carried in triplicate and results averaged.

### Drug release studies {#sec010}

*In vitro* dissolution experiments for each formulation compared to prednisolone raw material were conducted in sink conditions using a *United State Pharmacopoeia* (USP) 36 dissolution apparatus II (paddle at 75 rpm, temperature at 37°C) (Sotax AT7 Smart--Sotax, CH). Samples were added to 750 ml of 0.1 M HCl for 2h, then 250 ml of 0.2 M Na~3~PO~4~ were added and pH adjusted to 6.8 as expected from \<1092\> monograph "The Dissolution Procedure: Development and Validation" (USP 36). Prednisolone quantification was performed spectrophotometrically at a λ of 244 nm. All experiments were performed on six different batches, reporting data as mean values ± standard deviations. Finally, formulations showing the best results in terms of EE and drug dissolution profile were introduced into selected capsules (DR^®^ caps) and P release from these dosage forms was evaluated using the USP-II apparatus equipped with mesh basket (USP Standard Size Mesh, 40) and the experimental protocol previously reported.

### Animals and carrageenan oedema induction {#sec011}

Male Wistar rats (180--220g) were purchased from Envigo (Envigo RMS---S.r.l., Italy). Rats were anaesthetized with isoflurane and oedema was induced by injecting in the right hind paw 100μl of carrageenan 1% (w/v) as previously reported \[[@pone.0160266.ref022]\]. Paw volume was measured plethysmographycally (2Biological-Instruments, Italy) at the time zero (0.5 h), each hour for 6 h, and at 24h after carrageenan injection. Data were expressed as mean ± SEM. Statistical differences were evaluated by two-way analysis of variance (ANOVA) followed by Bonferroni's post test. P value of \<0.05 was considered statistically significant.

All the experiments were approved by Italian Health Ministry and conducted according to institutional animal care guidelines, Italian Law 26/2014 based on the European Community Law for Animal Care 2010/63/UE.

### In vivo experiments {#sec012}

To assess the *in vivo* anti-inflammatory activity of the optimized formulation F6 in comparison with the pure drug, rats were orally treated by gavage with F6 or pure drug in 0.5% (w/v) methyl cellulose (MC) \[[@pone.0160266.ref023]\] at a prednisolone equivalent dose of 3 mg kg^-1^; this dose was selected in preliminary studies as it achieved optimal anti-inflammatory effects. Control groups received 0.5 mL of MC \[[@pone.0160266.ref024]\] for drug administration experiments or blank Zn-alginate beads (F) in 0.5% (w/v) MC for beads administration experiments, simultaneously with the injection of the phlogistic agent. Prednisolone raw material was administered 0.5h, 5h and 15h before the phlogistic injury, while beads \#F6 were administered to rats 5h or 15h before the carrageenan injection, in order to verify their effectiveness in control drug release.

Results and Discussion {#sec013}
======================

Beads production and characterization {#sec014}
-------------------------------------

P loaded hydrophilic microparticles (gel-beads) were manufactured using prilling (laminar jet break-up) as mild and easy scalable micro-encapsulation technique. The main critical variables of the prilling and gelling process (cross-linking divalent cations; pH of the gelling solution and cross-linking time) were studied and optimized according to prednisolone physico chemical properties \[[@pone.0160266.ref025],[@pone.0160266.ref026]\].

Six formulations (\#F1 --\#F6) were obtained, varying alginate amounts (from 2.0% to 2.5% w/v) and drug/polymer mass ratios (1:10 and 1:5 w/w), with very short processing time in the selected operative conditions ([Table 1](#pone.0160266.t001){ref-type="table"}). As control, blank Zn-alginate beads were also produced (F). Drying process was conducted by exposing hydrated beads to standard room conditions (22°C; 67% RH) for 12--18 h until constant weight was reached.

10.1371/journal.pone.0160266.t001

###### Composition, actual drug content, encapsulation efficiency, mean diameter and sphericity coefficient of optimized manufactured by prilling.

![](pone.0160266.t001){#pone.0160266.t001g}

  Formulation code   Alginate concentration (%w/v)   P/Alg mass ratio (w/w)   ADC (% ± SD)   EE (% ± SD)   Dried beads diameter (mm ± SD)   SC
  ------------------ ------------------------------- ------------------------ -------------- ------------- -------------------------------- -------------
  **F**              2.50                            \-                       \-             \-            2.4 ± 0.15                       0.93 ± 0.01
  **F1**             2.00                            1:10                     6.2 ± 0.2      67.9 ± 2.0    2.4 ± 0.12                       0.91 ± 0.02
  **F2**             2.00                            1:5                      11.7 ± 0.6     69.9 ± 3.8    2.7 ± 0.13                       0.90 ± 0.02
  **F3**             2.25                            1:10                     6.6 ± 0.3      72.8 ± 3.4    2.4 ± 0.12                       0.90 ± 0.01
  **F4**             2.25                            1:5                      12.3 ± 0.4     73.6 ± 2.3    2.5 ± 0.12                       0.91 ± 0.02
  **F5**             2.50                            1:10                     6.8 ± 0.2      74.3 ± 2.0    2.4 ± 0.12                       0.92 ± 0.02
  **F6**             2.50                            1:5                      13.1 ± 0.3     78.6 ± 2.1    2.5 ± 0.12                       0.90 ± 0.02

Actual drug content (ADC) and encapsulation efficiency (EE) values of all dried formulations ranged from 67.9 to 78.6% ([Table 1](#pone.0160266.t001){ref-type="table"}) in relation to the amount (from 2 to 2.5%) of alginate used as well as to the drug/polymer ratio (from 1:10 to 1:5) selected.

In fact, the highest ADC and EE values were obtained raising drug/polymer ratio and alginate amount into the feed solutions. These data were consistent with previous observations suggesting that the loading of higher amount of drug and an increased polymer concentration may promote, during the gelation phase, intermolecular interactions able to stabilize the "egg-box" structure \[[@pone.0160266.ref027]\], reducing the leaching of the drug from the droplets into the gelling medium. Accordingly, \#F6 (alg. 2.5%, drug/polymer ratio 1:5) showed the best P entrapment within the matrix (EE = 78.6%).

Polymer and drug concentration in the processed feeds influenced the surface properties of the particles: drug-free beads (\#F, [Fig 1A](#pone.0160266.g001){ref-type="fig"}) were smoother without wrinkles, whereas P loaded beads had all an irregular surface and roughness directly related to P and polymer content. In particular, the higher the content of drug and the polymer concentration, the greater the surface roughness. Moreover, no drug crystals were observed on the particle surface (\#F1-F6, [Fig 1B--1G](#pone.0160266.g001){ref-type="fig"}) and all particles showed similar morphological characteristics in terms of sphericity coefficient (SC 0.90--0.92) and mean diameter values (2.4--2.7 mm) ([Table 1](#pone.0160266.t001){ref-type="table"}).

![**SEM microphotographs at different magnification of dried zinc-Alg beads:** a) \#F, b) \#F1, c) \#F2, d) \#F3, e) \#F4, f) \#F5, g) \#F6.](pone.0160266.g001){#pone.0160266.g001}

These data suggested that the optimization of operative and process variables during prilling/ionotropic gelation process (Zn^2+^concentration, pH, temperature and curing time) was able to produce microspheres with almost spherical shape in a narrow dimensional range, independently from the amount of alginate or to the drug/polymer ratio selected.

To better understand the influence of drug content and alginate amount on the inner structure, beads were cryofractured prior to SEM observation. The blank Zn-alginate beads revealed a compact inner matrix (\#F [Fig 2D](#pone.0160266.g002){ref-type="fig"}). On the contrary, the internal structure of all engineered particles was less continuous and interrupted by several empty folders ([Fig 2A and 2B](#pone.0160266.g002){ref-type="fig"}, red circles), depending on the polymer and drug concentration into the liquid feed processed. The increase of alginate (from 2.25% to 2.50%, [Fig 2A and 2C](#pone.0160266.g002){ref-type="fig"}) and drug concentrations (from 1:10 w/w to 1:5 w/w, [Fig 2C](#pone.0160266.g002){ref-type="fig"}) induces a higher organization of the matrix, desirable for the development of oral controlled drug delivery systems.

![**SEM microphotographs of cryofractured zinc-Alg beads:** \#F4 (a), \#F5 (b) \#F6 (c) and \#F (d).](pone.0160266.g002){#pone.0160266.g002}

In order to assess the matrix resistance in biological fluids, swelling experiments were conducted in SGF and SIF, following pH change methods steps. Formulation F6 exhibited in SGF a swelling degree of about 13% after 60 min and 58% after 120 min. Beads presented at both time points smoother surface and higher particle sphericity compared to dried paticles. Interestingly, drug loaded beads exhibited the maximum swelling degree (76%) at 135 min, as a result of enhanced water penetration and and erosion process in SIF. After this time point, the erosion overtakes the swelling, leading to a complete particle disintegration at 190 min.

DSC and IR analysis {#sec015}
-------------------

In order to highlight feasible drug-polymer interaction after prilling process, thermal profiles of P raw material, blank Zn-alginate beads and drug loaded beads were studied by differential scanning calorimetry and reported in [Fig 3](#pone.0160266.g003){ref-type="fig"}.

![**DSC thermograms of P ramaterial (a), alginate blank beads F (b) and drug loaded formulations F5 (c) and F6 (d)**.](pone.0160266.g003){#pone.0160266.g003}

P raw material exhibited a clear endothermic peak at 252˚C followed by an exothermic event between 280 and 350 ˚C corresponding to its oxidative degradation. Both empty and P loaded formulations exhibited an opening endothermic event between 90 and 130 ˚C related to the loss of water adsorbed on the particle surface and entrapped into the matrix. Blank Zn-alginate beads, showed a broad endothermic signal between 150 and 182˚C followed by a ramp like event up to 260 ˚C. Interestingly, the endothermic peak due to the fusion of crystalline P (252 ˚C) disappeared in drug loaded beads thermograms ([Fig 3C and 3D](#pone.0160266.g003){ref-type="fig"}); moreover, melting as well as degradation peaks were shifted to higher temperatures in F5 and F6 thermal profiles with respect to blank Zn-alginate beads. These effects, more pronounced in F6, suggested a physical alginate/P interaction as effect of drug loading in the polymeric matrix \[[@pone.0160266.ref028]\].

In order to verify the presence of such interaction suggested by DSC analysis, FT-IR studies were performed and results reported in [Fig 4](#pone.0160266.g004){ref-type="fig"}.

![FTIR spectra of P raw material, formulations F5-F6 and Zn-alginate blank beads F.](pone.0160266.g004){#pone.0160266.g004}

P raw material exhibited two characteristic bands in the range 1590--1710 cm^−1^ corresponding to symmetric and antisymmetric stretching of C = O aliphatic group \[[@pone.0160266.ref029],[@pone.0160266.ref030]\]. The FT-IR spectrum of Zn^2+^ crosslinked alginate blank beads presented bands at 1650 and 1425 cm^−1^ corresponding to the stretching of symmetric and antisymmetric carboxylic groups of the Zn-alginate complex and due to the coordination between the metal ion and the functional groups of the polymer \[[@pone.0160266.ref031]\]. \#F5 and \#F6 showed the majority of the characteristic peaks of both Zn-alginate and prednisolone, however at 1703 cm^-1^ a new band was recognized, which could be associated to the interaction between P and alginate chains *via* Zn^+2^ coordination.

Study of release kinetics {#sec016}
-------------------------

Dissolution studies of prednisolone raw material and produced beads were performed using USP Apparatus 2 and a classic pH-change assay. The dissolution profiles of F2, F4 and F6 characterized by the highest drug/polymer ratio (1:5) are shown in [Fig 5](#pone.0160266.g005){ref-type="fig"}.

![Release profiles of P from: raw material, square; \# F2, diamond; \# F4, circle and \#F6, triangle.\
Mean ± SD; (n = 6).](pone.0160266.g005){#pone.0160266.g005}

As expected, the dissolution profile of P raw material was typical of compound belonging to the class I of the Biopharmaceutical Classification System (high solubility and permeability trough biological membranes), the complete solubilisation was achieved in simulated gastric environment after about 90 minutes \[[@pone.0160266.ref032]\]. Differently, F2, F4 and F6 showed a partial gastroresistance. In particular, as shown in [Fig 5](#pone.0160266.g005){ref-type="fig"}, \#F6 obtained with the highest alginate amount exhibited the best dissolution profile, releasing only 24.1% of the drug in simulated gastric fluid (SGF) followed after the pH change by a more sustained release in simulated intestinal fluid (SIF) with respect to \#F4 and \#F2 (100% of P release after about 3.5h). From the data obtained, all formulations seem to release the drug through a diffusional/erosional mechanism. However, the greatest alginate amount as in \#F6 seems to be able to better retain the drug during its exposition to simulated biological fluids. Conversely in SIF (at pH 6.8) beads started to swell and further erode due to the ion-exchange process.

In vivo studies {#sec017}
---------------

The anti-inflammatory activity of the formulation F6 was evaluated in rats by a carrageenan-induced oedema model and compared to the activity of pure drug. Rat paw oedema reached the maximum value (paw volume, ml) between 2 and 4 h after the injection of the phlogistic agent ([Fig 6](#pone.0160266.g006){ref-type="fig"} --ctr). Preliminary experiments were performed by using three different doses of prednisolone (1--3--10 mg kg^-1^) administered by gavage to rats 0.5h before carrageenan injection (data not shown). The dose of 3 mg kg^-1^ of prednisolone was selected as it achieved the optimal anti-inflammatory effect. The pure drug (3 mg kg^-1^, prednisolone) was significantly efficacious in reducing rat paw oedema when administered at t = 0.5h before carrageenan injection ([Fig 6A](#pone.0160266.g006){ref-type="fig"}). The anti-inflammatory activity of prednisolone was lost when administered to rats 5h or 15 h before the phlogistic agent injection ([Fig 6B](#pone.0160266.g006){ref-type="fig"}).

![**Oedema volume reduction obtained by administering *per os* pure prednisolone (A) and \#F6 (B) at different time points (15, 5, 0.5h) to rats before carrageenan injection, compared to control; mean ± SEM (*n* = 8)**. \**p* \< 0.05, \*\**p* \< 0.01 compared to control.](pone.0160266.g006){#pone.0160266.g006}

To verify a potential delayed/prolonged *in vivo* anti-inflammatory activity, as effect of an accurate particle engineering process, the optimized formulation F6 in dose equivalent to 3 mg kg^-1^ of prednisolone was orally administered to rats 5h and 15h before carrageenan injection.

F6 significantly reduced carrageenan-induced paw oedema in rats when administered 5h before the injection of the phlogistic agent ([Fig 6B](#pone.0160266.g006){ref-type="fig"}). The anti-inflammatory activity of F6 still persisted when administered to rats 15h before carrageenan injection ([Fig 6B](#pone.0160266.g006){ref-type="fig"}), in contrast to reference pure prednisolone (3 mg kg^-1^) that was efficacious in reducing rat paw oedema only at t = 0.5h ([Fig 6A](#pone.0160266.g006){ref-type="fig"}). As previously reported \[[@pone.0160266.ref027]\], blank Zn-alginate beads (F) did not significantly affect the paw oedema when administered to rats at the same time points before oedema induction (data not shown), thus, indicating that alginate and zinc do not interfere with the inflammatory process.

In vitro drug release from the final dosage form {#sec018}
------------------------------------------------

Formulation \#F6, acting as a partially gastro-resistant and sustained release formulation and able to exert the anti-inflammatory activity even if administered 15h before the phlogistic injury, was selected as core material for the development of a final dosage form suitable for a chronotherapy.

Therefore, \#F6 was hosted into DR^®^ capsules giving F6/DR^®^ platform. DR^®^ capsules were selected, among different capsules models, for their specific feature in protecting active pharmaceutical ingredient from acidic environment thanks to the properties of a mixture of hydroxypropyl methylcellulose (HPMC) and gellan gum.

The resulting dissolution profile of P from F6/DR^®^ cps versus more conventional P/DR^®^ cps profile showed that DR^®^ caps were able *per se* to delay the dissolution profile of unprocessed P ([Fig 7](#pone.0160266.g007){ref-type="fig"}), extending its release from 90 to 180 minutes with a significant reduction in SGF (34.2%).

![Release profiles of: P raw material hosted into DR^®^ capsules (square) compared with optimized F6/DR^®^ final dosage form (triangle).\
Mean ± SD; (n = 3).](pone.0160266.g007){#pone.0160266.g007}

Interestingly, the final dosage form F6/DR^®^ cps reduced significantly P release in SGF from 24.1% to 12.6%; at the same time, after pH change, P dissolution was significantly delayed up to about 390 minutes (6.5 hours). This optimal drug release profile was due to combination of intrinsic properties of capsules and hosted beads; only after the dissolution of the capsule body, beads are exposed to the dissolution medium, beginning later the dissolution process. Differently from gelatin capsules that normally disaggregate in simulated gastric fluid in about 5 minutes, the DR^®^ capsules begin to disaggregate after 75--90 minutes protecting the formulation from the acid environment. After this lag time, beads start to hydrate and swell, allowing a slight drug diffusion in acidic medium followed by a complete but delayed swelling and erosion processes in SIF.

Conclusions {#sec019}
===========

In this research work, we studied the effect of process and feed solution variables on particles size, morphology, solid state properties and drug release profile of prednisolone microparticles manufactured using prilling as micro-encapsulation technique and Zn-alginate as gastroresistant carrier. Particles prepared from solution containing the highest amount of polymer and drug showed good production parameters such as high encapsulation efficiency and strongly crosslinked inner matrix as evidenced by SEM pictures of cryofractured particles. Moreover, engineered particles showed a reduced P release in gastric simulated environment and a slowed release in simulated intestinal fluid, compared to conventional P.

The prolonged *in vivo* anti-inflammatory effectiveness of formulation \#F6 tested by a carrageenan-induced oedema model clearly reflects its ability to release the drug in a delayed and sustained way, highlighting its potential benefits for a right chronotherapy.

Finally, the optimized formulation F6 was selected for the manufacturing of a final dosage form, using DR^®^ capsules chosen for their peculiar dissolution properties. By designing a more complex platform, hosting F6 beads in DR^®^ capsules, it was possible to further delay and prolong P release, up to 6.5 hours. The platform (\#F6/ DR^®^) used in the present study, therefore, represents a suitable dosage form able to delay and extend SAID release in a time scale ideal for the successful treatment of early morning pathologies.
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